We present a numerical investigation of effective chipless tags for radio-frequency-identification (RFID) applications. Chipless tags have been introduced recently as alternatives to standard tags with microchips. While they can significantly reduce the overall cost of RFID systems by eliminating microchips and procedures to mount them on tags, chipless tags bring new challenges, especially in terms of identification reliability. We focus on tag structures that consist of resonators and consider alternative scenarios to find out potential misidentification cases. We also present the robustness of resonator-type elements in terms of fabrication errors, as well as array strategies to significantly increase electromagnetic responses of tags at the cost of reduced compactness.
Introduction
Radio-frequency-identification (RFID) systems have become major tools in many applications involving the identification and tracking of living and nonliving objects, particularly in the areas of healthcare, manufacturing, transportation, and security [1, 2] . In the state-of-art technology, RFID systems may not readily replace barcodes systems that are widely used for contactless identification with their diverse advantages. However, barcodes typically need lineof-sight, making their usage limited to those applications where this is possible, while RFID systems become attractive due to their much better performance without line-ofsight [3, 4] . In addition, using radio waves instead of optical waves, RFID systems typically have longer read range. Recent advances in the low-cost inkjet printing technology [5, 6] have made RFID tags directly printable, similar to barcodes. On the other hand, microchips located on RFID tags restrict their usage due to additional costs, because of the existence of microchips and extra procedures to mount them on tags, in vast amounts of production [7] . For overcoming these issues, new RFID systems involving chipless tags have emerged as promising solutions in the literature. Eliminating microchips from tags can significantly reduce the cost of RFID systems [8] , while it also leads to more suitable structures in terms of flexibility and recyclability. However, this brings more challenges in the design of suitable tags for reliability and effectiveness of identification and tracking.
Data can be encoded on chipless RFID tags either in time domain or in frequency domain [7, 9] . Frequencycoded chipless RFID tags are commonly composed of planar resonators, while ID codes are encoded according to the presence (bit 1) and absence (bit 0) of resonators [10] . Particularly, arrays of u-shaped resonating elements, each corresponding to a single tag and having a distinct resonance frequency, are commonly used structures [11] . These resonators create peaks in the backscattered wave spectrum so that the radar cross section (RCS) can be used for detecting existing peaks and identify/distinguish the related tag [12] . Recently, other types of chipless tags, such as involving legible letter-type components [15] , are introduced in the literature, while they often need special design procedures in order to be as effective as resonator-based tags.
In this work, frequency-coded chipless RFID tags are investigated in detail. We consider the performance of a single tag, and demonstrate particular cases of bit sequences, for which identification can be risky. We also present the response of a tag when fabrication errors that are typical in low-cost inkjet printing mechanisms are introduced. A major challenge in chipless RFID systems is to maintain high RCS levels, as well as good distinction of peaks from the base RCS, for readability. Since this can be difficult for a single tag, we also present different array strategies to arrange multiple identical tags.
A particular tag structure considered in this paper is shown in Fig. 1 . It involves 10 u-shaped resonators [11] . Despite it provides a capacity of maximum 2 10 − 1 = 1023 bits (considering that some configurations do not lead to satisfactory RCS responses), investigation of this structure provides the required information on the working principles of those involving larger numbers of bits. As mentioned above, existence and absence of a bit corresponds to 1 and 0, respectively, leading to 10-bit IDs. Tags with different IDs have distinct backscattered RCS responses, which can be distinguished from each other so that the ID codes can be determined via measurement. In the following section, we briefly present the major parameters of the simulation environment to investigate tags and obtain their electromagnetic responses. Section 3 presents analysis of the chipless RFID tag structure in different perspectives, particularly considering different configurations of bits. In Section 4, we consider the impact of potential fabrication errors on the char- acteristics of RFID tags, followed by discussion of array strategies in Section 5 and concluding remarks in Section 6.
Brief Description of the Simulation Environment
Electromagnetic problems involving RFID tags are formulation with the electric-field integral equation (EFIE) in the frequency domain. Considering the frequency, surfaces are assumed to have zero thicknesses. EFIE and surfaces are discretized by using the Rao-Wilton-Glisson functions on triangles. The method of moments is used to construct matrix equations, which are solved iteratively using the fast multipole algorithm [14] . For RCS computations, tags are illuminated normally with a circularly polarized plane wave (except for the arrays in Section 5 that are also illuminated by a linearly polarized plane wave) in a range of frequencies. For the structure in Fig. 1 , the frequency is sampled at 20 MHz intervals from 3.0 GHz to 5.0 GHz. Hence, for the complete characterization of this structure (considering 1023 different configurations), the total number of simulations is more than 100, 000. Once the coefficients expanding the electric current density is found, they are used to compute far-zone electric field intensity and RCS. Backscattered RCS is particularly considered as the signal reflected by a given tag.
Analysis of the Chipless RFID Tag structure
In this section, we consider the RFID tag structure in Fig. 1 in detail. We note that the tag covers an area of 22.5 × 34.5 mm (approximately 7.76 cm 2 ). The resonators are labelled from 1 (smallest resonator) to 10 (largest resonator). The overall RCS response of the tag with respect to frequency is depicted in Fig. 2 (top), along with the RCS characteristics of each resonator alone (bottom). It can be observed that the resonance frequencies change in the 3.2-4.1 GHz range. Combining the resonators has little effect on the resonance frequencies, while the amplitudes are affected due to coupling between the resonators. Electromagnetic coupling is also an important factor in the response of a tag when resonators are deleted, as discussed below. Fig. 3 presents the first set of RCS results involving singlebit deletions. In each case of ten different scenarios, one of the resonators is extracted, corresponding to the deletion of one bit. The backscattered RCS is plotted in the [−38, −28] dB range (also for all single-tag results below), while the modified tags are compared with the full tag. In all results, the deleted bit is clearly observed as a missing peak, while the coupling between resonators further leads to deteriorations in the resonances related to undeleted bits. This is particularly the case for the middle bits. Specifically, when the 4th, 5th, 6th, 7th, and 8th bits are deleted, the peak of the next bit is strongly affected with a reduced strength. Fig. 4 presents the second set, where three bits out of ten are deleted. In all five cases, bits 1 and 10 that correspond to the largest and the smallest resonators are deleted, while the third (deleted) bit is selected as 2, 5, 6, 7, and 9. First, comparing with the results in Fig. 3 , we note that the base RCS level is reduced due to the smaller numbers of remaining resonators. In addition, similar to the results in Fig. 3 , deletion of a bit affects the next bit, while several peaks remain at their high positions. It is remarkable that, despite negative effects due to the coupling between resonators, the bits corresponding to the remaining resonators are clearly observed in all cases. 
Single-Bit Deletions

Three-Bit Deletions
Consecutive Deletions
Next, we consider a progressive deletion of bits in Fig. 5 . In the first scenario, bits 2, 3, 4, and 5 are deleted consecutively from a tag that already has missing bit 1. In the second scenario, 7, 3, 9, and 1 are deleted consecutively from a tag with missing bit 5. In the first sequence, it is obvious that the base RCS level decreases as more resonators are removed. Interestingly, the resonance related to the smallest undeleted bit seems to be affected significantly, while the remaining resonances keep their strong characteristics. In the second sequence, however, we observe both reduced value of the base RCS and remarkably decreased peaks. Once again, deleted bits strongly affect the resonances of the next peaks, leading to quite low levels, particularly when bits 1, 3, 5, 7, and 9 are deleted (so that bits 2, 4, 6, 8, and 10 are also affected).
Block Deletions
In Fig. 6 , we consider the deletion of blocks of three bits, starting with {2, 3, 4} to {8, 9, 10}. As the bit numbers increases, corresponding to larger resonators, the base RCS level decreases, while peak values are generally satisfied for undeleted bits. Once again, the most problematic bit seems to be the first undeleted one next to the deleted block. Fig. 7 presents similar results, where blocks of four and five bits are deleted. The reduced value of the base RCS is remarkable, especially when the block of bits {5, 6, 7, 8, 9} are deleted, despite the remaining peaks are still recogniz- 
Remarks on the Results of the Chipless RFID Tag
Based on the results for different bit-deletion scenarios, some of which are demonstrated Figs. 3-7, some remarks are as follows.
• The chipless RFID tag structure based on resonators operates as designed by providing the required resonance peaks related to undeleted bits.
• Despite the remaining peaks remain recognizable, deletion of higher bits, corresponding to larger resonators, decreases the overall value of the RCS. Since most peaks can reach their original values, it is clear that the reduced base level is due to the decreased area of the tag when it is passive (between peaks).
• The most important issue seems to be related to undeleted bits near deleted bits. Specifically, when a bit i < 10 is deleted and (i + 1) (corresponding to the next larger resonator) is undeleted, then the peak related to (i + 1) significantly deteriorates. This seems to be due to the unbalanced current distributions on the (i + 1)th resonator due to the absence of the ith resonator. Interestingly, when i > 1 is deleted, an undeleted (i − 1) is less affected (in fact, it may become even better), since this actually improves the balance of metals (considering resonator sizes) on the two sides of (i − 1). Cross investigations between diverse results in Figs. 1-7 further support these claims. As an example, for the 6th bit, the deletion of the block {3, 4, 5} has disastrous effect (see Fig. 6 ), while a balanced deletion of bits 3, 5, and 7 (see Fig. 5 ) still keeps the 6th peak at high levels. While, it may not be straightforward to categorize useless tags based on the geometry in Fig. 1 , the results show that some identities are risky and may be eliminated directly from the RFID pool. For example, given a pair of IDs like one of them can be eliminated to avoid misidentification. Alternatively, the distance between the resonators could be increased, while this would directly reduce the compactness and may not be preferred.
Numerical Investigation of Potential
Fabrication Errors as possible. In addition, most applications need flexible and environmentally friendly tags, making inkjet printing a suitable option for fabrication. On the other hand, samples produced by inkjet printing are prone to fabrication errors more than those produced via conventional techniques. Particularly, very low-cost inkjet setups are known to lead to resolution, conductivity, and other connectivity issues. Therefore, the designed RFID tags must be resistant to such fabrication errors. In fact, as shown below, tag structures, such as shown in Fig. 1 , are quite robust from this perspective.
A main issue in low-cost inkjet printing is nonuniformity caused by limited printing resolution and unbalanced material (hence conductivity) distributions. The prints may be deformed, while physical movements, tensions, and bending may further cause cracks and gaps depending on the application. In Fig. 8 , we consider the performance of a single resonator when there is a gap of width W and length L on one of the arms. Considering different lengths and widths, the resonance characteristics of the structure (RCS versus frequency) seem to be quite stable against such gaps. For example, only small frequency shifts occur as the width reaches 0.5 mm. The length of the gap is also ineffective until it reaches 0.5 mm and full disconnection occurs. Fig. 9 presents similar results when there is a thinning (0.1 mm or 0.2 mm indentations from both sides) on one of the arms. The operation of the resonator is insensitive also to such deformations. Fig. 10 clearly show that the considered types of resonators are also stable against this kind of tip cracks.
In general, numerical results, some of which are shown in this paper, demonstrate that tag structures based on resonators, such as shown in Fig. 1 , can be suitable to be fabricated via inkjet printing and similar techniques. Errors introduced during fabrications can be tolerated, until a total disconnection occurs such that the resonance path is completely damaged.
Array Strategies
In chipless RFID systems, the response of tags should be as strong as possible for reliable identification and tracking.
On the other hand, even when using resonators, it can be difficult to increase RCS values. For this purpose, multiple tags can be arranged in array forms. While there can be many ways to construct arrays of tags, only some of them can provide the desired improvements. For demonstration, we consider seven different arrays involving alternative numbers of the structure in Fig. 1 . The geometric configuration of the arrays, as well as the corresponding RCS values, for both linear (vertical) and circular polarizations, are depicted in Fig. 11 . In each plot, RCS of a single structure is also shown for comparisons. While these plots provide important information on the RCS characteristics of the array, we further compare them quantitatively. For a selected interval of frequency containing all resonances, i.e., [3.0, 4.2] GHz in our case, we compute
where M is the mean value (over dB values) of the RCS in the interval, while P i for i = 1, 2, · · · , 10 represents the peak values (in dB) at resonances. A large value of Q indicates good array performance with both large mean RCS (M ) and large peak-to-mean separation (P i − M ). Table 1 compactness. Among Arrays 1-3, Fig. 11 shows that Array 3 does not provide good results in terms of the distinguishability of the peaks (even though this is not visible in Q value). Arrays 1 and 2 seem to be very suitable in terms of base and peak RCS values, while their selection depends on the tradeoff between the performance and compactness.
Concluding Remarks
This study is devoted to numerical analysis of chipless RFID tags, which have been introduced as promising components of RFID systems due to their lower costs and better flexibility in comparison to tags with microchips. Chipless tags can also be more environmentally friendly since they do not contain microchips and they can be recycled easily. On the other hand, chipless tags bring new advantages, particularly in terms of readability and compactness. We present a detailed analysis of tags involving resonators and show their performance in alternative scenarios. This type structures seem to provide the required RCS levels, while they are also resistant to errors that may occur in their lowcost fabrications, e.g., via inkjet technology. These resonating structures can also be arranged in array forms such that RCS levels can significantly be increased at the cost of reduced compactness.
